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Experimental Section

Materials

All chemicals used were of analytical grade and used as received. FeCl2·4H2O and 

NiCl2·6H2O, CTAB, hydrazine hydrate and KOH are from Aladdin Chemistry Co Ltd. Nafion (5 

wt. %) is from Sigma-Aldrich Co. Commercial Pt/C was obtained from Johnson Matthey 

company. Nafion (5 wt%) and ethanol were purchased from Sigma-Aldrich. Ultrapure water 

(resistivity ≥ 18.2 MΩ cm-1) was used to prepare the solutions.

Catalyst fabrication

Synthesis of FeNi-based catalyst. At room temperature, 4.8 g of NiCl2·6H2O, 2.5 g of 

FeCl2·4H2O and 100 mg CTAB were added into 100 mL of H2O under vigorous stirring for 30 

min, using the NH4OH to adjust pH to ca. 8. Then, 10 mL of hydrazine hydrate and 50 mL of H2O 

were slowly dripping under vigorous stirring for 30 min. After 3 h sedimentation, the solids were 

collected by centrifugation, and the obtained FeNi precursor (FeNi3) was washed by water and 

ethanol, and then dried at 60 oC for 12 h under vacuum before use. The FeNi3 sample was etched 

under the air atmosphere at 450 oC for 2 h to obtain the FeNi3 oxide nanoparticles (FeNi3-O). 

Preparation of FeNi3N-s and FeNi3N-h catalyst. The bulk phase of the FeNi3N-s sample 

was prepared via nitridation of the FeNi3 sample at 450 oC for 3 h under the NH3 atmosphere. The 

FeNi3N-h was obtained via nitridation of the FeNi3-O sample at 450 oC for 3h under the NH3 

atmosphere. For the nitridation process, the heating rate is 2 oC min-1, and the NH3 flow rate is 50 

mL min-1.

Characterization section

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance Powder X-

ray diffractometer using a Cu Kα (λ = 1.5405 Å) radiation source operating at 40 kV and 40 mA, 

and at a scanning rate of 5 ° min-1. A fine powder sample was ground, then put on the glass slide 

and pressed to make a flat surface under the glass slide. The morphology is examined with a FEI 

Sirion-200 scanning electron microscope (SEM) and the energy-dispersive X-ray (EDX) analysis 

was performed on KEVEX X-ray energy detector. All transmission electron microscopy (TEM) 

and high-resolution TEM (HRTEM) measurements were conducted on a TECNAI G2 operating at 

200 kV. The element mapping analysis and energy-dispersive X-ray detector spectrum (EDX) 
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images were obtained on a TECNAI G2 transmission electron microscope equipped with an 

EDXA detector: the microscope was operated at an acceleration voltage of 200 kV. All X-Ray 

photoelectron spectroscopy (XPS) measurements were carried out on a Kratos XSAM-800 

spectrometer with an Al Kα radiation source. 

All the electrochemical measurements were performed with a Bio-Logic VSP electrochemical 

workstation (Bio-Logic Co., France). The OER and HER performance were measured in a three-

electrode electrochemical cell. A Hg/HgO electrode was used as the reference electrode placed 

close to the working electrode via luggin capillary tip, the potential was carefully checked before 

and after the relevant measurements and a graphite rod was used as the counter electrode. 

Potentials were referenced to a reversible hydrogen electrode (RHE) by adding a value of (0.098 + 

0.0592*pH) V. All potentials were converted and referred to the RHE unless stated otherwise. A 

glassy carbon electrode (3.0 mm in diameter) was used as the working electrode. The glassy 

carbon electrode was polished separately by 1 micron and 50-nanometer alumina powder. And 

then the electrode was cleaning in ultrapure water for several times and dried at room temperature 

before use. The current density was normalized over the geometric surface area of the electrode 

(0.07 cm2). A total electrolyte volume of ~50 mL was used to fill the glass cell. Prior to recording 

the OER and HER activity of as-preparation catalysts, the catalysts were activated by 50 CV scans 

along with the potential window of 1–1.5 V and –0.5–0 V in 1 M KOH at a scan rate of 50 mV s−1, 

respectively. The cyclic voltammetry (CV) experiments for the OER and HER were conducted in 

1 M KOH at 25 °C using a working electrode and a scan rate of 5 mV s-1 across a potential 

window of 1.00-1.7 V and –0.4–0 V, respectively. The preparation of the catalyst ink was shown 

in detail as follows: 5 mg of as-preparation catalysts, 960 μL ethanol and 40 μL of Nafion solution 

were mixed, and then sonicated for 30 min to make a homogeneous dispersion. The as-preparation 

catalyst ink was loaded onto the glassy carbon disk electrode by drop-casting as the working 

electrode with a mass loading of 0.25 mg cm-2. 

The electrochemical impedance spectra (EIS) were recorded at the frequency range from 1000 

kHz to 10 mHz with 10 points per decade. The amplitude of the sinusoidal potential signal was 5 

mV. The obtained curves were analyzed and fitted with ZsimpWin computer program. The 

dynamical stability was tested by recording 1000 CV cycles by cyclic voltammetry scan from 1.0 

to 1.7 V and –0.4–0 V at an accelerated scan rate of 50 mV s−1 in 1 M KOH, respectively. After 
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1000 cycles, the stable polarization curve was recorded for comparison with the initial curve. The 

steady-state stability was measured during electrolysis at a constant potential in both acid and 

alkaline media for 30 h by chronoamperometry technique. The overpotential was set at 185 mV 

and 210 mV for HER and OER for FeNi3N-h electrode in alkaline solution, respectively.

The electrochemical surface area (ECSA) was evaluated in terms of doubler layer capacitance 

(Cdl). The ECSA was estimated by cyclic voltammetry (CV) without Faradaic processes occurred 

region from 0.925 to 1.125 V in 1 M KOH at scan rate 20, 40, 60, 80, and 100 mV s-1. The Cdl was 

estimated by plotting the △J = (Ja - Jc)/2 at 1.025 V vs. RHE against the scan rate. The linear 

slope is the double layer capacitance Cdl. The specific capacitance is evaluated for a flat surface by 

assuming 40 μF cm-2 according to previous literature.[1-4] The electrochemically active surface 

area was achieved by normalizing the doubler layer capacitance to a standard specific capacitance.

Turnover frequency (TOF) was calculated using the following equation assuming all the 

catalyst as active species[5, 6]:

𝑂𝐸𝑅: 𝑇𝑂𝐹 =
𝐽 ×  𝐴

(4 ×  𝐹 × 𝑛)
 

𝐻𝐸𝑅: 𝑇𝑂𝐹 =
𝐽 ×  𝐴

(2 ×  𝐹 × 𝑛)

where J is the current density at a specific overpotential (A cm-2), A is the geometric area of the 

work electrode samples, F is the Faraday constant (96485 mol C-1), and n is the total number of 

moles of all the active metal sites (Fe and Ni metal ions) that were deposited onto the glassy 

carbon electrode.

A gas-tight electrochemical cell coupling with a gas burette was carried out to verify the 

faradaic yield of samples. The working electrode was prepared by drop-casting catalyst 

suspension on the glassy carbon electrode with the surface area of 0.07 cm-2. Reach the 

benchmark current density of 10 mA cm-2 at overpotential (185 mV and 210 mV) was applied on 

the electrode and the volume of the evolved gas was recorded synchronously. Thus, the faradaic 

yield was calculated from the ratio of the recorded gas volume to the theoretical gas volume 

during the charge passed through the electrode[7]:

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑦𝑖𝑒𝑙𝑑 =
𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
=

𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 

1(2)
4

×
𝑄
𝐹

× 𝑉𝑚

where Q is the charge passed through the electrode, F is Faraday constant (96485 C mol-1), the 

number 4 means 4 mole electrons per mole O2, the number 1 (2) means 1 O2 ( 2 mole H2) mole, 

Vm is molar volume of gas (24.5 L mol-1, 298 K, 101 KPa).
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Raman scattering was performed on a Jasco-Raman spectrometer with excitation by 532 nm 

laser light. The In situ Raman cell with a total electrolyte volume of ~50 mL and a transparent 

window at the bottom of 1 mm thickness. The Ni foam was cleaned by hydrochloric acid, ethanol 

and distilled water, respectively. The catalyst coated Ni foam was used as a working electrode 

with a mass loading of 0.25 mg cm-2. The cyclic voltammetry experiments for the in situ Raman 

testing were conducted in 1 M KOH at about 25 °C at a scan rate of 0.5 mV s-1, the potential 

window was set from -0.4 to 0 V vs. RHE for HER and from 1.00 to 1.65 V vs. RHE for OER, 

respectively. In situ Raman spectra of FeNi3N-h at overpotentials of 210 mV and 185 mV were 

recorded for OER and HER vs. reaction time in 1 M KOH, respectively. 
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Fig. S1 TEM images of (a,b) FeNi3 and (c,d) FeNi3-O.
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Fig. S2 TEM images of (a,b) FeNi3N-s and (c,d) FeNi3N-h.
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Fig. S3 Full scan XPS spectra of FeNi3, FeNi3N-s and FeNi3N-h (a) and high-resolution C 1s peak 
of FeNi3, FeNi3N-s and FeNi3N-h (b).
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Fig. S4 High-resolution O 1s peak of FeNi3, FeNi3N-s and FeNi3N-h.
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Fig. S5 Polarization curves of FeNi3-O and FeNi3 at a scan rate of 5 mV s-1 in 1 M KOH.
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Fig. S6 Cyclic voltammograms of (a) FeNi3N-s, (b) FeNi3N-h and (c) FeNi3 in the non-faradaic 

capacitance current range from 0.925 V to 1.125 V vs. RHE at scan rates of 20, 40, 60, 80 and 100 

mV/s, (d) Current density as a function of the scan rate for the different electrodes.
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Fig. S7 TOF value of the FeNi3, FeNi3N-h and FeNi3N-s as a function of potentials.
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Fig. S8 The equivalent circuit model of EIS analysis of all samples.

The equivalent circuit includes a parallel combination of (R1, CPE2) and (Rct, CPE1) element in 

series with Rs. The CPE generally was employed to well fit the impedance data by safely treating 

as an empirical constant without considering the its physical basis. And mostly, it was regarded as 

the double layer capacitor from the catalyst and catalyst solution. Rs was a sign of the 

uncompensated solution resistance, Rct was a charge transfer resistance arisen from the relevant 

electro-chemical oxidation, R1 was associated to the contact resistance between the catalyst 

material and the others resistance.



S14

-0.4 -0.3 -0.2 -0.1 0.0

-40

-20

0

  FeNi3
 FeNi3-O

Potential (V vs RHE)

Cu
rr

en
t d

en
sit

y 
(m

A 
cm

-2
)

 

 

Fig. S9 Polarization curves of FeNi3-O and FeNi3 at a scan rate of 5 mV s-1 in 1 M KOH.
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Fig. S10 Specific HER activity of as-prepared catalysts (a). Polarization curves are normalized by 

the electrochemical active surface areas, which indicates the higher specific activity of the 

FeNi3N-h and FeNi3N-s. TOF values of the FeNi3N-h and FeNi3N-s as a function of overpotential 

(b).
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Fig. S11 High-resolution Fe 2p, of FeNi3N-h before and after of OER and HER testing
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Fig. S12 High-resolution O 1s of FeNi3N-h before and after of OER and HER testing [8].



S18

405 400 395

N-O N-H M-N

 

 

Binding energy (eV)

N 1s

 

 

FeNi3N-h

 

 

In
te

ns
ity

 (a
. u

.)
After OER

After HER

Fig. S13 High-resolution N 1s of FeNi3N-h before and after of OER and HER testing. 
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Table S1 The composition of FeNi3N-h derived from EDX spectrum.

Samples Fe at% Ni at% N at%

FeNi3N-h 22.5 69.4 8.1

Note: The C and O elements were not counted because of the influence by the contamination or 
substrate used for the characterization.
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Table S2 The surface composition of FeNi3, FeNi3N-s and FeNi3N-h derived from XPS spectrum.

Samples Fe 2p at% Ni 2p at% N 1s at%
FeNi3 40.0 60.0 NA

FeNi3N-s 35.9 47.6 16.5
FeNi3N-h 38.5 43.9 17.6

Note: The C and O elements were not counted because of the influence by the contamination or 
substrate used for the characterization.
 



S21

Table S3 The comparison of some representative OER electrocatalysts with our work in alkaline 

electrolytes. 

Materials
Electrolyte

(KOH)

Electrode 

substrate

Overpotential

η10 (mV) Reference

FeNi3N-h 1 M KOH GCE 210 This work

RuO2 1 M KOH GCE 315 This work

Ni3Fe/Ni3FeN 1 M KOH GCE 268 [9]

Ni3FeN/N‐G 1 M KOH GCE 250 [10]

Ni3FeN/r-GO 1 M KOH GCE 270 [11]

Fe2Ni2N/Co@NCNT 1 M KOH GCE 280 [12]

Mo-Ni3Fe/Ni3FeN 1 M KOH GCE 240 [13]

FeNi3N-Ni3S2 1 M KOH GCE 230 [14]

Fe2Ni2N 1 M KOH GCE 282 [15]

Ni-Fe-MoN NTs 1 M KOH GCE 228 [16]

Ni3FeN/Ni 1 M KOH GCE 200 [17]

Ni1.25Ru0.75P 1 M KOH GCE 340 [18]

RuS2-500 1 M KOH GCE 282 [19]

Ni3FeN 1 M KOH GCE 280 [20]

RuO2 1 M KOH GCE 370 [21]

RuO2/Co3O4 1 M KOH GCE 305 [22]

Ni3FeN/Co,N-CNF 1 M KOH GCE 270 [23]

Co@Ir/NC-10% 1 M KOH GCE 280 [24]

IrO2 1 M KOH GCE 360 [25]

Ru2Ni2 SNs/C 1 M KOH GCE 310 [26]

2D-NC Fe2Ni2N/rGO NHSs 1 M KOH GCE 290 [27]

NiMoN-550 1 M KOH GCE 295 [28]

CoN/Ni3N 1 M KOH CC 247 [29]

CoxFeyN/graphene 1 M KOH GCE 266 [30]

Co-NiMoN NRs 1 M KOH GCE 294 [31]

Ni3FeN-NPs/CC 1 M KOH CC 241 [32]

Fe‐Ni@NC‐CNTs 1 M KOH GCE 274 [33]

Mo-doped Ni3FeN 1 M KOH NF 250η20 [34]

FeNi‐N/CFC 1 M KOH CC 232η20 [35]

FeNi3N/NG 1 M KOH GCE 258η20 [36]

FeNi3N/FeNi3 1 M KOH GCE 254η20 [37]

CC: carbon cloth; NF: Ni foam; GCE: glass carbon electrode



S22

Table S4 EIS fitting parameters from equivalent circuits of samples during OER process. 

Samples
Rs 

/ Ω cm-2

R1 

/ Ω cm-2

CPE1 

/ S s-n

n 

/ 0<n<1

Rct 

/ Ω cm-2

CPE 

/ S s-n

n 

/ 0<n<1

FeNi3N-s 7.8 77.8 1.77E-3 0.81 155.3 1.97E-4 0.81

FeNi3 7.9 200.8 1.57E-4 0.88 197.0 5.66E-4 0.68

FeNi3N-h 7.7 4.0 1.17E-2 0.50 30.0 7.89E-3 0.88
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Table S5 The comparison of some representative HER electrocatalysts with our work in alkaline 

electrolytes. 

Materials
Electrolyte

(KOH)

Electrode 

substrate

Overpotential

η10 (mV)
Reference

FeNi3N-h 1 M KOH GCE 185 This work

Pt/C 1 M KOH GCE 65 This work

Co-Ni3N 1 M KOH GCE 194 [38]

Ni3FeN-Bulk 1 M KOH GC 208 [20]

Ni3FeN-NPs/CC 1 M KOH Carbon Cloth 238 [32]

NiCo2N/Ni foam 1 M KOH Ni foam 290 [39]

CoFeNx HNAs 1 M KOH Ni foam 200 [40]

Fe2Ni2N 1 M KOH Ni foam 180 [41]

Ni3FeN-NPs 1 M KOH GCE 158 [20]

Fe‐Ni@NC‐CNTs 1 M KOH GCE 202 [33]

NiCoP NWAs/NF 1 M KOH Ni foam 197 [42]

NF-Ni3Se2/Ni 1 M KOH Ni foam 203 [43]
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Table S6 EIS fitting parameters from equivalent circuits of samples during HER process. 

Samples
Rs 

/ Ω cm-2

R1 

/ Ω cm-2

CPE1 

/ S s-n

n 

/ 0<n<1

Rct 

/ Ω cm-2

CPE 

/ S s-n

n 

/ 0<n<1

FeNi3N-s 7.7 40.4 1.91E-2 0.49 245 7.16E-3 0.92

FeNi3N-h 7.6 26.0 3.13E-2 0.35 150 5.57E-3 0.86

FeNi3 8.0 390 5.74E-2 0.20 2235 2.16E-3 0.68
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Table S7 Summary of some reported representative noble metal-based water splitting 

electrocatalysts

Materials
Electrolyte

(KOH)

Electrode 

substrate

Overall potential 

V at 10 mA cm-2
Reference

FeNi3N-h||FeNi3N-h 1 M KOH GCE 1.63 This work

RuO2||Pt/C 1 M KOH GCE 1.62 This work

Fe2Ni2N|| Fe2Ni2N 1M KOH NF 1.65 [41]

Co@Ir/NC-10%||Co@Ir/NC-10% 1 M KOH GCE 1.667 [24]

Cu@CoFe||Cu@CoFe 1 M KOH GCE 1.681 [44]

RuO2/Co3O4||RuO2/Co3O4 1 M KOH GCE 1.645 [22]

RhxP/NPC||RhxP/NPC 1 M KOH GCE 1.64 [45]

Co4N-VN1-xOx/CC|| Co4N-VN1-xOx 1 M KOH CC 1.64 [46]

Ni3FeN-NPs/CC||Ni3FeN-NPs/CC 1 M KOH CC 1.81 [32]

NiMo‐PVP||NiFe‐PVP 1 M KOH CF 1.66 [47]

Ni@Mo2C||Ni@Mo2C 1 M KOH PC 1.66 [48]

RuO2||Pt/C 1 M KOH GCE 1.619 [49]

RuO2||Pt/C 1 M KOH CF 1.628 [50]

RuO2||Pt/C 1 M KOH NF 1.61 [49]

RuO2||Pt/C 1 M KOH CF 1.63 [51]

RuO2||Pt/C 1 M KOH CF 1.611 [52]

RuO2||Pt/C 1 M KOH CF 1.62 [53]

GCE: glass carbon electrode; NF: Ni foam; PC: porous carbon-supported; CF: Carbon Fibers
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Table S8 Analysis of Fe 2p, Ni 2p and N 1s derived from the XPS spectrum before and after HER 
and OER test.

Fe 2p3/2 Ni 2p3/2 N 1s

Catalysts

Peaks
Binding 
energy/ 

eV
ratio Peaks

Binding 
energy/ 

eV
ratio Peaks

Binding 
energy/ 

eV
ratio

Fe-N 706.9 7.7% Ni-N 852.4 19.6% M-N 397.3 64.4%

Fe2+ 710.3 64.5% Ni2+ 855.1 80.4% N-H 399.4 23.9%FeNi3N-h

Fe3+ 712.5 27.8% - - - N-O 402.7 11.7%

Fe-N 706.9 4.3% Ni-N 852.4 10.3% M-N 397.3 48.1%

Fe2+ 710.3 54.8% Ni2+ 855.6 89.7% N-H 399.4 31.3%
After 
HER 

testing
Fe3+ 712.5 40.9% - - - N-O 402.7 20.6%

Fe-N 706.9 4.9% Ni-N 852.4 11.9% M-N 397.3 49.6%

Fe2+ 710.3 41.9% Ni2+ 855.6 88.1% N-H 399.4 35.1%
After 
OER 

testing
Fe3+ 712.5 53.2% - - - N-O 402.7 15.3%
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Table S9 The surface composition of FeNi3N-h derived from XPS spectrum before and after HER 

and OER testing, respectively.

Samples Fe 2p at% Ni 2p at% N 1s at%
FeNi3N-h 38.5 43.9 17.6

After HER testing 29.4 60.1 10.5
After OER testing 32.2 56.7 11.1
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